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FOREWORD 

Tnis  report  presents  the  results  of  a  preliminary  study  of  the 
feasibility  of  using  a  pressurized  tube  to  softly  recover  a  five  inch 
projectile.  This  work  was  performed  as  a  portion  of  the  Naval  Weapons 
Laboratory  independent  Research/ Independent  Exploratory  Development 
Program. 

Tnis  report  was  reviewed  by  J.  J.  Yagla  and  W.  J.  Lewis  of  the 
Test  and  Evaluation  Department. 

Released  by: 


Test  and  Evaluation.  Department 


ABSTRACT 


This  report  presents  the  results  of  a  preliminary  study  of  the 
possibility  of  using  a  pr  issurized  tube  to  recover  a  standard  five 
inch  projectile  with  projectile  decelerations  no  greater  than  107*  of 
the  maxisra  in-bore  acceleration.  Computer  calculations  using  both  a 
simplified  dynamics  model  and  a  one-dimensional  Lagrangian  hydrocode 
have  been  performed  for  a  variety  of  recovery  tube  gases,  initial 
pressures  and  tube  lengths.  Calculations  were  also  made  for  tubes 
vented  by  blowing  plugs  out  of  the  ends.  Results  of  the  calculations 
indicate  that  an  initial  pressurization  of  five  to  seven  atmospheres 
is  required  to  stop  the  projectile  within  the  107,  limitation  if  a 
dense  gas  such  as  Sulfur  Hexafluoride  or  Freon  12  is  used.  The 
required  tube  length  is  approximately  300  feet. 


CONTENTS 

Page 


FOREWORD . i 

ABSTRACT . li 

I.  INTRODUCTION .  1 


II.  BASIC  DESCRIPTION  OF  RECOVERY  PRINCIPLES  FOR  A  CLOSED  TUBE. 

A.  Influence  of  Shock  Waves  . 

B.  Analysis  of  Projectile  Motion  . 

C.  Effects  of  Various  Parameters . .  .  .  . 


D.  Determination  of  Optimum  Parameters  . .  I 

III.  RESULTS  OF  CALCULATIONS  FOR  A  >.:'BE  VENTED  BY  A  PLUG  ....  17 

IV.  CONCLUSIONS .  19 

REFERENCES 


APPEND  LX: 

A.  Distribution 


LIST  OF  FIGURES: 

1.  Projectile  Recovery  Method 

2.  Trajectories  of  Projectile  and  Shock  Waves 

3.  Typical  Deceleration  vs  Time  for  a  Closed  End 

Recovery  Tube 

4.  Deceleration  vs  Specific  Heat  Ratio 

5.  Deceleration  vs  Sound  Speed 

6.  Deceleration  vs  Initial  Tube  Pressure 

7.  Deceleration  vs  Tube  Length 

8.  Sound  Speed  vs  Specific  Heat  Ratio  for  Given  Initial 

Tube  Pressures 

9.  Maximum  Deceleration  vs  Tube  Length  for  Sr 5  at  6.7  ATM 

10.  Projectile  Deceleration  vs  Time  for  a  Tube  Vented  by 

the  Plug  Method 

11.  Maximum  Gas  Temperature  vs  Time 

12.  Maximum  Gas  Pressure  vs  Time 


W  «  Ul  N  1-0 


I N  i  hODUC  - 1  OK 


he  so  si  frequently  y«-.?d  set  hoi  of  recovering  five  inch  projec- 


H 

cilc^  L  NhI#  is  snwduS t  rt*c o  *cr « . 
rrtixrojd  c*irs  i  iilvd  ‘with  S3wcu^>t 
factor;-  oeca^iSt  xt  * s  ti^*c  cor 
lion  Co  Cue  pit  jertl  Bvciiu^t 

recover ie?  is  large %  it  is  hiahiv 


lacxiit 


would  allow  pioU 


lie*: 


ajifis  irv  nroi  into 

set  hod  ls»  less  than  satis- 
isnarts  verv  high  -ieoelera- 
c>:  risuired  sett 
hav,*  s  spreanent 
low 


;  t'jueili 

rable  to  have*  a  pe 
l if  he  -tocoed  with 


jereieracion  ana  recovet 


•a  rap io  tv 


LnuXPOl‘5i‘i 


The  purpose  o*  th  is  fcpi.rt  xs  t.o 
study  oi  a  pressurized  tube  method  5c 
tiles.  This  method  of  recovery  wait 
pressurized  gas  to  recover  a  project: 
inch  gun. 


describe  an  initial  sensibility 
r  recovering  live  inch  projec- 
use  a  tube  tilled  with  a 
le  fired  froa  a  standard  five 


The 


c  ttpit  tdi 


-ssufized  recovery  tune  ib  not 


XDULCr 


studies  of  this  method  used  to  recover  I55zz;  projectiles  are  described 
in  reference  fl).  The  analysis  described  In  reference  (1)  assumes  the 
projectile  is  decelerated  rcaplttciy  r-v  isen tropic  compression  and 
there  are  no  pressure  gradients  in  the  recovery  cube  gas.  However, 
the  present  studies  shew  the  propagation  of  shocks  In  the  gas  greatly 
influences  the  recovery,  causing  the  results  to  differ  greatly  from 
those  which  assume  an  isentropic  compression.  The  present  study  also 
reveals  the  desirability  oi  using  dcr.s«_-  gases  in  the  recovery  cube 
and  a  plug  method  for  venting  the  gases.  The  basic  concept  of  a 
pressurized  recovery  tube  is  also  found  in  the  "Super  G  Shock 
Facility"  used  by  Sanders  Associates  for  testing  components  of  yOma 
projectiles,  reference  (2).  No  experimental  or  theoretical  data  have 
been  obtained  on  the  projectile  rot  it  i.  of  this  facility. 
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fhis  report  is  organized  as  "ollows:  Section  II  uses  the  results 
simolified  analysis  to  discuss  the  essential  characteristics  of 


the  recovery  process.  Section  III  presents  the  results  of  a  more 
accurate  model  based  on  a  one-dimensional  L 
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II.  BASIC  DESCRIPTION*  OF  RECOVERY  PRINCIPLES  FOR  A  CLOSED  TUBE 

To  understand  the  basic  physical  principles  involved  in  slowing 
down  a  projectile  in  a  tube  of  confessed  gas,  the  codon  of  a  projec¬ 
tile  in  a  closed  end  tube  will  be  examined  in  this  section.  Tnis 
study  uses  the  results  of  a  siomlified  theoretical  model  and  provides 
insight  into  the  dependence  of  the  projectile  motion  or.  such  physical 
parameters  as  initial  tube  pressure,  properties  of  the  tube  gas,  -nd 
the  Cube  length.  Tne  theoretical  model  does  not  account  for  wave 
motion  in  the  recovery  gas  coapletaly,  but  provides  a  considerable 
improvement  over  the  previous  isentropic  compression  cade’s.  The 
analysis  in  the  next  section  treats  all  wave  motion  in  the  recovery 
gas  with  great  accuracy,  but  does  not  provide  as  much  physical 
insight  to  the  recovery  process  as  the  following  theoretical  model. 

A.  Influence  of  Shock  Waves 

Consider  a  five  inch  projectile  leaving  a  gun  with  muzzle 
velocity,  VQ,  and  entering  r  tube  of  compressed  gas  (see  Figure  1). 
Assume  that: 

1.  There  is  no  leakage  of  gas  past  the  projectile. 

2.  Tne  pressure  on  the  base  of  the  projectile  is  atmospheric 


3.  The  rau:  .d  of  the  tube  is  closed. 

In  this  situation,  the  projectile  acts  as  a  piston  which  suddenly 
accelerates  the  gas  ahead  of  It  to  velocity,  ¥<j.  This  sudden  movement 
of  gas  causes  a  shock  wave  to  be  propagated  in  front  of  the  projectile 
Thus,  the  initial  deceleration  of  the  projectile  will  be  caused  by  the 
pressure  behind  the  shock  wave.  Tnis  pressure ,  ?s ,  will  be  greater 
than  the  initial  tube  pressure  by  the  factor,  C  =  ?s/?o,  where  ?s  is 
the  pressure  behind  Che  shock  wave,  P0  is  the  initial  tube  pressure. 
The  quantity,  £.  Is  called  the  shock  strength.  As  the  projectile 
slows  down,  it  wj.ll  cause  the  volume  of  gas  between  it  and  the  shock 
wave  to  increase,  thereby,  reducing  the  pressure  in  front  of  the 
projectile  and  the  strength  of  the  shock.  Reduction  of  pressure  on 
the  front  of  the  projectile  will  cause  its  deceleration  to  decrease. 
When  the  shock  reaches  the  closed  end  of  the  tube,  it  will  be 
reflected  toward  the  oncoming  projectile.  From  this  point  in  tics, 
multiple  shock  reflections  will  occur  between  the  projectile  and  the 
end  of  the  tube.  Each  time  a  shock  reflects  from  the  front  ©t  the 
projectile,  it  causes  an  increase  in  the  deceleration.  Eventually, 
the  projectile  will  achieve  zero  velocity.  Because  of  the  increased 
pressure  due  to  the  shock  reflections,  it  will  begin  to  move  in  tne 
opposite  direction.  Tne  trajectories  of  both  the  projectile  and  the 
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B.  Analysis  of  Projectile  Motion 

If-  it  is  assumed  the  flow  properties  at  the  front  of  the 
projectile  are  the  same  as  those  at  the  shock  front  for  any  given 
time,  i.e.,  no  pressure  gradients  exist  between  the  shock  front  and 
the  projectile,  then: 


"  «s 


u  - 1> 


y->h  +  (y+  I'j  (e  -  *) 

V  (2y) 


(i) 


where,  Up  is  the  velocity  of  the  projectile  ,  Us  is  Che  gas  velocity 
at  the  shock  front,  a0  is  the  sound  speed  in  front  of  shock,  and  y  is 
the  specific  heat  ratio  of  the  recovery  tube  gas.  The  force  on  the 
projectile  is  related  to  its  deceleration  by. 


D  -  -  d  Ut>  -  A 


d^  =  S  “  ?b) 


(2) 


where >  Dp  is  the  deceleration  of  the  projectile,  A  Is  the  area  of  the 
projectile  base  (assumed  to  be  the  same  as  the  tube  cross  section), 

M  is  the  projectile  mass  and  Pb  is  the  pressure  on  the  projectile  base 
(assumed  to  be  a  constant  14.7  psi).  Solving  equation  (1)  for  £  and 
substituting  into  equation  (2)  gives. 
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Equation  (3)  is  a  nonlinear,  first  order,  ordinary  differential  equa¬ 
tion  which  can  be  integrated  numerically  to  give  the  velocity  and  the 
position  of  the  projectile  at  any  time,  t.  The  corresponding  velocity 
of  tl.e  shock  front  can  be  calculated  from  the  Rankine-Hugoniot  equa¬ 
tion: 


d  xs 

Vs - - - ao 
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(4) 
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where  Xs  and  Vs  are  the  position  and  the  velocity  of  the  shock  front, 
respectively.  Integration  of  equation  (4)  gives  the  shock  front 


^"A  projectile  speed  of  3000  ft/sec  is  used  throughout  this  report. 


position.  The  other  Clow  properties  behind  the  shock  are  given  by  the 
appropriate  Rankine-Hugoniot  relations.  For  example,  the  sound  speed 
is  given  by: 


\l  +]_{)  -  I)  /  Ci  +  I), 

(V  -  1)  /  (Y  +  L)  + 


where  as  is  the  sound  speed  behind  the  shock. 


The  deceleration  of  the  prcjectile  and  the  properties  behind 
the  shock  can  be  calculated  from  equations  (1)  through  (5)  until  the 
shock  reflects  from  the  end  of  the  recovery  tube.  The  strength  of 
the  reflected  shock  is  determined  by. 


(1  +  2  1-2-1)  r 

_ Y  +  f_2 
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where  Cr  and  ;fr  are  the  strength  of  and  the  pressure  behind  the 
reflected  shock.  The  reflected  shock  travels  upstream  until  it 
collides  with  the  projectile,  where  it  again  undergoes  reflection. 
The  strength  of  the  reflected  shock  is  determined  by  equation  (1) 
when  the  appropriate  values  for  the  sound  speed  and  the  projectile 
velocity  are  used. 


A  repetition  of  the  above  procedure,  using  equations  (1) 
through  (6),  with  the  appropriate  values,,  determines  the  effects  of 
the  multiple  reflections.  The  entire  .procedure  can  be  carried  out 
until  the  projectile  velocity  becomes  zero. 


The  above  calculation  procedure  bas  been  programmed  for  the 
CDC  6700  computer  at  NWL.  A  typical  projectile  deceleration  versus 
time  curve  is  shown  in  Figure  3.  The  results  shewn  in  the  figure  arc 
from  a  computer  run  for  a  250  foot  tube  filled  with  air  at  an  initial 
pressure  of  30  atmospheres.  For  this  case,  only  one  reflection  occurs 
on  tb.e  face  of  the  prcjectile  before  it  stops. 


From  the  above  discussion  and  Figure  3,  it  is  seen  that  the 


maximum  deceleration  of  the  projectile  will  be  caused  by  either  the 
initial  shock  or  the  one  or  more  reflected  shocks.  Throughout  the 
rest  of  this  report,  these  two  maxima  will  be  referred  to  as  the 
initial  deceleration  and  the  reflection  deceleration,  respectively. 
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C.  Effaces  of  Various  Parameters 


The  computer  program  mentioned  above  was  used  to  study  the 
effects  on  the  maximum  deceleration  due  to  varying  the  specific  heat 
ratio,  initial  sound  speed*-,  initial  pressure  of  the  recovery  tube  gas, 
and  tube  length.  In  each  case,  one  parameter  was  varied  while  the 
other  three  were  held  constant.  Typical  examples,  obtained  from  the 
study  are  illustrated  below: 

1.  Specific  Heat  Ratio 

Increasing  the  specific  heat  ratio,  increases  the 
strength  of  the  initial  shock,  thus  increasing  the  initial  decelera¬ 
tion.  Since  the  projectile  velocity  decreases  a.  a  faster  rate,  the 
strength  of  the  initial  shock  decreases  at  a  faster  rate,  so  that  by 
the  time  the  shock  reaches  the  end  of  the  tube,  if  is  not  so  strong. 
Urns,  the  reflected  shock  pressure,  and  ultimately  the  reflection 
deceleration,  is  smaller.  Therefore,  as  shown  in  Figure  4,  the 
initial  deceleration  increases  with  increasing  specific  heat  ratio, 
while  the  reflection  deceleration  decreases. 

2.  Sound  Speed 

Decreasing  the  sound  speed  increases  the  Mach  number  of 
the  flow,  thus  increasing  the  initial  shock  strength.  This  change 
produces  effects  similar  to  increasing  the  specific  heat  ratio;  hence, 
a. gas  with  a  smaller  initial  sound  speed  produces  a  higher  initial 
deceleration  and  a  lower  reflection  deceleration  than  a  gas  with  a 
higher  sound  speed.  This  behavior  is  shown  in  Figure  5, 

3.  Pressure 

As  shown  in  Figure  6,  increasing  Che  initial  tube  pressure 
his  an  effect  similar  to  increasing  the  specific  heat  ratio  and 
decreasing  the  sound  speed.  The  initial  deceleration  increases  with 
increasing  initial  pressure,  while  the  reflection  deceleration 
decreases. 


2 

The  initial  sound  speed  is  evaluated  at  530eR.  The  specific  heat 
ratio  is  also  evaluated  at  this  temperature  and  is  assumed  to  be 
constant  throughout  the  calculations. 
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Tube  Length 


As  shown  in  Figure  7,  increasing  the  length  of  the  tube 
affects  only  the  reflection  deceleration.  Since  the  shock  wave  in 
front  oi  the  projectile  has  a  longer  distance  to  travel,  it  is  weaker 
when  it  reaches  the  closed  end.  Thus,  the  shock  reflected  Iron  the  end 
o i  the  tube-  is  weaker  and  finally  the  reflection  deceleration  is 
smaller. 

D.  Determination  of  Optimum  Parameters 

In  each  of  the  above  graphs,  there  exists  a  point  where  the 
maximum  deceleration  is  minimum.  This  condition  occurs  when  the 
initial  deceleration  equals  the  reflection  deceleration.  Therefore, 
any  one  of  the  four  parameters  being  studied  could  be  used  as  a  basis 
for  optimization.  In  this  analysis,  tube  length  will  be  chosen  as  the 
optimization  parameter.  The  optimization  procedure,  then,  is  to  deter¬ 
mine  the  length  of  tube  necessary  to  produce  a  reflection  deceleration 
equal  to  the  initial  deceleration  while  keeping  the  initial  pressure, 
the  specific  heat  ratio,  and  the  sound  speed,  constant.  Of  course, 
specific  heat  ratio  and  sound  speed  are  physical  properties  of  the 
recovery  tube  gas  and  are  not  independent  of  each  other;  however, 
several  gases  may  have  the  same  specific  heat  ratio  but  different 
sound  speeds. 

1.  Determination  of  Initial  Tube  Pressure 

Before  the  computer  program  car,  be  used  to  determine  the 
optimum  tube  length,  there  has  to  be  some  criterion  for  selecting  the 
initial  tube  pressure  and  the  gas  which  will  provide  the  proper 
specific  heat  ratio  and  sound  speed.  Figure  7  shows  that  as  the 
initial  deceleration  increases,  the  optimum  tube  length  decreases. 
Therefore,  the  initial  deceleration  is  chosen  as  the  maximum  allowable 
(107.  of  the  maximum  in-bore  acceleration)  in  order  to  have  the  smallest 
possible  tube  length.  Once  the  initial  deceleration  is  determinec,  a 
relation  between  initial  tube  pressure  and  shock  strength  is  obtained 
from  equation  (2),  thus. 


i  ?o  -  ?s  ~  ?b  +  ^i 


(7) 


■here is  the  shock  strength  necessary  to  produce  the  acceptable 
eceleration,  D£,  for  a  given  initial  ?Q.  The  quantity  ?s  is  the 
tressure  behind  the  initial  shock. 
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A  standard  5,‘/54  projectile  has  a  mass  of  approximately 
70  lbs.,  experiences  a  maximum  in-bore  acceleration  of  approximately 
15,000  g,  and  has  a  muzzle  velocity  of  about  3000  ft/sec.  The 
recovery  deceleration  should,  therefore,  not  exceed  1500  g.  This 
value  is  used  for  D;  in  equation  (7)  to  confute  the  pressure  behind 
the  shock.  Thus,  equation  (7)  shows  that  the  initial  shock  strength 
is  inversely  proportional  to  the  initial  tube  pressure.  Since  low 
initial  tube  pressures  are  desired,  let  an  upper  limit  of  seven 
atmospheres  be  set.  Then  according  to  equation  (7),  initial  tube 
pressures  of  one  to  seven  atmospheres  are  possible  only  if  the  shock 
strengths  corresponding  to  those  pressures  are  obtainable.  Equa¬ 
tion  (1)  shows  that  the  shock  strength  is  dependent  only  upon  the 
specific  heat  ratio  and  the  initial  sound  speed  of  the  recovery  tube 
gas,  for  given  initial  projectile  speeds.  Thus,  it  is  now  possible 
to  determine  the  combinations  of  specific  heat  ratios  and  initial 
sound  speeds  necessary  to  produce  the  shock  strength  corresponding  to 
any  initial  tube  pressure.  The  properties  of  actual  gases  can  then  be 
examined  to  determine  which  ones,  if  any,  have  the  proper  specific 
heat  ratio  and  irlitial  sound  speed  combinations  corresponding  to  any 
given  initial  tube  pressure  in  the  range  of  one  to  seven  atmospheres. 


2.  Selection  of  Recovery  Tube  Gas 

Since  the  shock  strength  for  any  given  initial  tube 
pressure  is  determined  by  equation  (7),  and  the  initial  projectile 
speed  is  known,  a  relation  between  specific  heat  ratio  and  initial 
sound  speed  is  obtained  from  equation  (1).  This  equation  can  be 
rewritten  in  the  form: 


[v  +  (H  -  1)  /  2(Ct  +  i)]2 
(H  -  1)2  /  4(C,-  +  1)2 


U  2  /  8(C,-  +  1) 


This  is  the  equation  of  a  family  of  hyperbolas  in  the  (Y,  ac)  plane 
with  the  origin  at  =  -  (•'-£  -  1)  /  2(\£  +  1).  Figure  8  shows  curves 
for  initial  pressures  of  one,  three,  five  and  seven  atmospheres.  The. 
curves  are  nearly  linear  over  the  range  of  specific  heat  ratios 
between  1.0  and  1.6.  Khen  an  initial  tube  pressure  is  selected,  the 
appropriate  combinations  of  specific  heat  ratio  and  sound  speed  are 
determined  from  a  curve  defined  by  equation  (8).  Gases  which  have 
initial  sound  speeds  ar.d  specific  heat  ratios  close  to  the  values  on 
this  curve  are  then  selected  for  possible  recovery  tube  use.  The 
points  shown  in  Figure  S  represent  the  properties  of  actual  gases. 
Unfortunately,  many  of  the  gases,  especially  those  located  below  the 
curve  for  five  atmospheres,  are  net  easily  obtainable.  However,  many 
of  the  gases  represented  by  points  between  the  curves  for  five  and  for 
seven  atmospheres  are  commercial lv  available  and  include  many  of  the 


commonly  used  refrigerants.  It  appears,  therefore,  that  the  lowest 
practical  initial  tube  pressure  is  between  five  and  seven  atmospheres 
although  a  more  extensive  study  might  be  justified  if  lower  initial 
tube  pressures  are  desired.  Each  of  the  gases  that  could  be  used  at 
initial  pressures  between  five  and  seven  atmospheres,  has  properties 
which  say  sake  ir.  either  more,  or  less  desirable  than  the  others 
Hence,  the  final  selection  of  a  recovery  tube  gas  should  depend  upon 
a  careful  study  cf  the  individual  characteristics  of  each  candidate 
gas.  The  most  important  characteristics  to  be  considered  are: 

a.  Cost 

b.  Availability 

c.  Toxicity 

d.  Deviation  from  a  perfect  gas 

Characteristic  (d.)  needs  to  be  considered  because  the  analysis  pre¬ 
sented  above  assumes  a  perfect  gas  throughout.  If  the  properties  of  a 
gas  differ  greatly  ftcm  those  of  a  perfect  gas,  it  may  not  be  desirable 
for  use  in  the  recovery  tube  even  though  it  has  suitable  properties  at 
the  beginning  of  the  recovery  process. 

Once  a  recovery  tube  gas  has  been  selectei  and  the 
initial  tube  pressure  has  been  determined  by  equation  (7) ,  the 
optimum  tube  length  can  be  determined  by  performing  calculations  for 
several  different  tube  lengths  until  one  is  found  which  gives  a 
reflection  deceleration  equal  to  the  initial  deceleration  (1500  g  for 
the  five  inch  projectile). 

The  optimization  procedure  will  now*  be  illustrated  for  a 
particularly  promising  gas.  Sulfur  Hexafluoride  (SFg).  This  gas  is 
available  locally  at  $225  for  a  cylinder  containing  approximately 
100  pounds.  (The  amount  necessary  to  achieve  the  desired  pressuriza¬ 
tion  for  a  300  foot  tube.)  Sulfur  Hexafluoride  is  chemically  inert 
and  non-toxic.  Sandia  Laboratories  (reference  (3))  has  used  the  gas 
in  their  shock  tubes  ana  report  a  decomposition  temperature  of  2500*K. 
This  temperature  is  significantly  greater  than  the  1800*K  maximum 
expected  during  the  projectile  recovery  process.  Tne  compressibility , 
pv 

Z  =  rm.  of  SFg  has  been  estimated  from  a  generalized  compressibility 

chart  to  be  between  1  and  1.15  for  most  of  the  temperatures  and 
pressures  encountered  during  the  projectile  recovery. 
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The  results  iron  calculations  of  the  aaxiaua  deceleration 
vs  length  for  recovery  tubes  filled  with  SFg  ore  plotted  in  Figure  9, 

The  single  curve  shown  in  this  figure  is  a  composite  of  portions  of 
the  initial  and  the  reflection  deceleration  curves .  The  optimum  tube 
length  occurs  at  the  knee  of  this  curve.  The  k_.ee  corresponds  to  a 
length  of  390  feet  and  an  initial  pressure  of  o.7  atmospheres. 

Similar  calculations  were  carried  out  using  air  as  the 
recovery  gas.  Air  used  in  place  of  SFg  would  give  approximately  the 
same  optimum  tube  length,  i.e. ,  300  feet,  however,  an  initial  pressur¬ 
ization  of  39  atmospheres  would  be  required.  It  is  the  low  pressur¬ 
ization  requirement  that  cokes  deuse  gases,  such  as  SFg,  sore  attrac¬ 
tive  than  air  as  a  recovery  tube  gas. 

HI.  RESULT?  OF  CALCULATION'S  FOR  A  TUBS  VENTED  3Y  A  PLUC 

The  simplified  closed  tube  analysis  of  the  previous  section  was 
useful  in  determining  the  effects  of  varying  the  initial  sound  speed, 
specific  heat  ratio,  pressure,  and  the  length  of  the  recovery  tube,  on 
the  deceleration  of  the  projectile.  This  analysis  is  limited  to 
closed  tubes  and  cannot  take  into  account  the  details  of  the  gas  flow 
between  the  shock  waves  and  the  projectile.  To  provide  a  sore  accurate 
model,  a  one- dimensional  Lagrangian  hydrocode  was  modified  to  calculate 
the  motion  of  the  projectile.  The  Lagrangian  hydrococe  is  a  finite 
difference  computer  program  using  artificial  viscosity  techniques  to 
handle  shocks.  In  this  way  the  partial  differential  equations  for 
notion  of  the  gas  are  solved.  The  computer  program  is  called  5PXEC. 
Although  this  program  requires  such  more  running  tine  than  die  program 
mentioned  in  the  previous  section,  it  is  more  accurate  and  is  able  to 
calculate  the  effects  of  venting  the  gas  in  front  of  die  projectile. 
Venting  the  nigh  pressure  recovery  tube  gas  is  necessary  to  prevent 
the  projectile  from  reversing  its  motion  and  returning  to  the  tube 
entrance  where  it  would  be  difficult  to  have  a  soft  recovery. 

Venting  could  be  accomplished  in  several  ways;  for  example,  a 
diaphragm  placed  at  the  end  of  the  tube  so  that  it  would  rupture  when 
the  initial  shock  reflected  from  it.  The  gas  could  also  be  vented, 
through  orifices,  into  either  the  atmosphere  or  an  external  tank.  A 
simple  method  of  venting  uses  a  projectile-like  plug  near  the  cud  of 
the  tube.  Inis  plug  would  be  designed  to  shear  from  its  holder  when 
the  initial  shock  reached  it.  The  gas  pressure  behind  the  plug  would 
then  force  it  out  to  the  end  of  the  tube,  allowing  the  gas  to  vent  to 
the  atmosphere. 
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The  plug  method  of  venting  has  been  incorporated  into  SPREC  to 
calculate  the  projectile  and  the  plug  motions  for  various  plug  nv.sses 
and  initial  plug  distances  from  the-  end  of  the  tube.  Using  the  informa¬ 
tion  provided  in  the  previous  section,  '••omputer  runs  were  made  for  a 
300  foot  tube  filled  with  SFg  at  an  initial  pressure  of  6.7  atmospheres. 
An  optienum  plug  mass  and  an  optimum  distance  were  determined  by  moving 
the  plug  from  the  end  of  the  tube  toward  the  entrance  >.n  various  incre¬ 
ments  and  then  varying  the  mass  until  the  projectile  was  stopped  inside 
the  tube.  The  combination  of  plug  mass  and  distance  which  have  a 
reflection  deceleration  equal  to  the  initial  deceleration,  while 
giving  a  small  force  on  the  projectile  at  the  time  of  zero  velocity, 
was  selected  as  the  optimum  condition.  For  this  case,  the  optimum 
plug  distance  is  260  feet  from  the  tube  entrance,  and  the  optimum  mass 
68  pounds.  (Nearly  the  same  as  the  projectile.)  Projectile  decelera¬ 
tion  versus  time  for  these  conditions  is  shown  in  Figure  10.  The  plug 
exit  velocity  is  1200  ft/sec. 

The  maximum  gas  temperature  occurs  near  the  front  of  the  projec¬ 
tile.  This  temperature  is  shown  versus  time  in  Figure  11  where  the 
largest  value  is  seen  to  be  1800° K.  The  maximum  pressure  occurring 
along  the  tube  length  is  plotted  versus  time  in  Figure  12.  This  pres¬ 
sure  does  not  correspond  to  a  single  position  in  the  tube,  since  the 
point  where  the  maximum  occurs  shifts  around.  The  largest  pressure 
(11,000  psi)  seen  by  the  recovery  tube  (not  the  projectile)  occurs 
when  the  initial  shock  wave  reflects  from  the  end  of  the  plug. 


IV.  CONCLUSIONS 

The  results  of  the  analyses  described  in  this  report  indicate 
that  a  pressurized  tube  could  be  quite  successful  in  recovering  a 
five  inch  projectile  with  decelerations  no  greater  than  10T4  of  the 
maximum  in-bore  acceleration.  Approximately  300  feet  of  tube  is 
required  to  stop  the  projectile.  An  initial  tube  pressure  of  about 
five  to  seven  atmospheres  is  required  if  a  dense  gas  such  as  Sulfur 
Hexafluoride  is  used,  and  thirty  atmospheres  pressure  is  required  if 
air  is  used.  It  also  seems  feasible  to  use  a  plug  near  the  end  of  the 
tube,  to  vent  the  high  pressure  gas  in  front  of  the  projectile.  The 
results  of  the  computer  analysis  for  a  tube  filled  with  6.7  atmospheres 
of  SFfc  indicates  that  a  68  pound  mass  placed  40  feet  from  the  end  of 
the  tube  would  allow  the  projectile  to  stop  without  reversing  its 
direction. 

Because  of  the  limitations  of  the  work  described  in  this  report, 
further  investigations  are  presently  being  performed.  The  most 
important  of  these  studies  arc: 
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1 .  Effects  of  Venting  the  Propellant  Gas  Behind  the  Projectile 

The  analysis  assumes  that  the  propellant  gas  pressure  behind 
the  projectile  is  atmospheric.  The  effect  of  venting  the  gas  over  a 
finite  period  of  time  and  various  methods  of  accomplishing  this  vent¬ 
ing  should  be  studied. 

2.  Effect  of  Leakage  Past  the  Projectile 


A  one-dimensional  gas  dynamics  analysis  indicates  that  as 
much  as  8.2%  cf  the  initial  mass  of  the  recovery  tube  gas  could  be  lost 
from  leakage  through  grooves  in  the  rotating  band.  The  effect  of  this 
leakage  on  recovery  tube  performance  and  means  of  preventing  it  should 
be  investigated. 


3.  Effects  of  Heat  Transfer  and  Friction 


The  analysis  neglects  all  heat  transfer  and  frictional 
effects.  These  effects  should  be  investigated  and  the  necessary 
corrections  to  the  recovery  tube  design  parameters  should  be  obtained. 

4.  Effects  of  Balloting 

Balloting  of  the  projectile  traveling  in  the  recovery  tube 
has  not  been  considered.  This  motion  should  be  investigated  to  deter¬ 
mine  if  it  is  large  enough  to  affect  the  recovery  lube  design,  and  to 
determine  the  effects  of  transverse  motions  on  the  projectile. 

All  of  the  above  considerations  are  currently  being  studied.  Hie 
results  of  these  investigations  should  lead  to  a  practical  design  for 
a  soft  recovery  tube  facility. 
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